Benchmark quality structures and interaction energies have been produced using explicitly correlated coupled cluster methods for a systematic series of hydrogen and halogen bonded complexes: BÁ Á ÁHCCH, BÁ Á ÁHCl and BÁ Á ÁClF, with six different Lewis bases B. Excellent agreement with experimental structures is observed, verifying the method used to deduce the equilibrium deviation from collinearity of the intermolecular bond via rotational spectroscopy. This level of agreement also suggests that the chosen theoretical method can be employed when experimental equilibrium data are not available. The application of symmetry adapted perturbation theory reveals differences in the underlying mechanisms of interaction for hydrogen and halogen bonding, providing insights into the differences in non-linearity. In the halogen bonding case it is shown that the dispersion term is approximately equal to the overall interaction energy, highlighting the importance of choosing the correct theoretical method for this type of interaction.
I. Introduction
The intermolecular hydrogen bond is of well-established importance in a great number of scientific disciplines, 1 and over the last decade interest has also grown in the purportedly similar halogen bond. 2 The applications of the latter are varied and include drug design, 3 crystal engineering 4 and supramolecular chemistry. 5 In general, strong analogies between hydrogen and halogen bonding have been drawn due to similarities in the structures of such intermolecular complexes, which has also led to a widespread belief that halogen bonds can be described purely through electrostatic interactions in a manner similar to that successfully employed for hydrogen bonding. 6 This can be rationalised through what is termed a s-hole model by Politzer and co-workers. 7 However, Stone has recently demonstrated that while electrostatics are the largest attractive term in halogen bonding, the propensity of halogen bonds to be linear is dominated by exchange-repulsion. 8 Investigations by rotational spectroscopy of the non-covalent interactions of simple Lewis bases B with Lewis acids (such as the hydrogen halides HX or homo-and hetero-dihalogen molecules XY) have the advantage that the properties of BÁ Á ÁHX and BÁ Á ÁXY determined in this way refer to the isolated complex in the gas phase. Such properties are therefore uncomplicated by perturbations resulting from nearby molecules, unlike those determined in the liquid and solid phases. In that sense, gasphase results for simple complexes of the type BÁ Á ÁHX and BÁ Á ÁXY are best compared with those from high-level ab initio calculations.
Parallels between the properties of the hydrogen bond in BÁ Á ÁHX and those of (what is now referred to as) the halogen bond in BÁ Á ÁXY complexes have been identified through systematic investigations [9] [10] [11] [12] by rotational spectroscopy conducted over an extended period. For example, it was noted in the early studies [13] [14] [15] of complexes BÁ Á ÁCl 2 that two generalisations, previously enunciated for complexes BÁ Á ÁHX (X = F, Cl, Br or I), also applied to BÁ Á ÁCl 2 , namely rules for rationalising the angular geometries 16 and a simple relationship involving intermolecular stretching force constants. 17 Subsequently, these (and other)
generalisations were found to apply 12, 18, 19 to all BÁ Á ÁXY, where XY is one of F 2 , ClF, Cl 2 , BrCl, Br 2 , or ICl. Parallels involving hydrogen and halogen bonds have also been reviewed by Grabowski, 20 and Resnati and co-workers. 21 The rules for predicting angular geometries for BÁ Á ÁHX and BÁ Á ÁXY are relevant to the subject of this article. They state simply that, in the equilibrium geometry of the complex BÁ Á ÁHX or BÁ Á ÁXY, the subunit HX or XY lies along the symmetry axis of either a non-bonding electron (n) pair (drawn in the conventional exaggerated form commonly used by chemists) or, in the absence of n-pairs, a p electron pair. When both n and p pairs are present on B, the n pair takes precedence (except in a few well-understood cases involving the series of heteroaromatic molecules pyridine, furan or thiophene as the Lewis base 12 ).
symmetry to be collinear, significantly nonlinear hydrogen bonds have been identified in complexes isolated in the gas phase. The precise placing of the hydrogen bond H atom is required to establish a nonlinear hydrogen bond and this is difficult for two reasons. First, the H atom makes only a small contribution to the moments of inertia of the complex and, secondly, it undergoes large amplitude displacements in the zero-point mode. Fortunately, a method 22 based on the complete Cl nuclear quadrupole coupling tensor can locate the HCl internuclear axis within the principal inertia axis system of the complex. If the molecule has C s symmetry, with the principal inertia plane ab, for example, as the symmetry plane, the only nonzero off-diagonal element of the coupling tensor is w ab (Cl). Then the angle a az between the principal inertia axis a and the HCl axis z is given by
À2w ab ðClÞ w aa ðClÞ À w bb ðClÞ
Moreover, it can be shown 22, 23 that the angle a az so obtained is the equilibrium value and it leads, under the assumption of unperturbed monomer geometries, in good approximation to the equilibrium value of the angular deviation y of the ZÁ Á ÁH-Cl system from collinearity. This is convenient for comparison with angles y calculated ab initio, as in this article. Fig. 1 defines the angles j and y used here and elsewhere to discuss details of the angular geometry of complexes BÁ Á ÁHX or BÁ Á ÁXY, with reference to the case when the Lewis base is a cyclic ether, such as 2,5-dihydrofuran or oxirane. The values of these angles obtained using the procedure based on the Cl-nuclear quadrupole coupling tensor to locate the HCl subunit in 2,5-dihydrofuranÁ Á ÁHCl 23 are j = 54.3(3)1 and y = 9.5(1)1 and the results for oxiraneÁ Á ÁHCl 24 are j = 69.1(1)1 and y = 16.5(1)1.
The increase in j is readily understood on the basis of the rules for rationalising angular geometries because the angle between the n pairs on O increase as the COC ring angle decreases from B1081 in 2,5-dihydrofuran to B601 in oxirane. The same procedure can be used for the complexes 2,5-dihydrofuranÁ Á ÁClF 25 and oxiraneÁ Á ÁClF. 26 The results for j are 53.0(3)1 and 67.3(1)1, respectively, which are very similar to their values in the corresponding BÁ Á ÁHCl complexes. On the other hand, the results for y are 2.0(2)1 and 2.9(1)1, respectively, indicating that the ZÁ Á ÁCl-F system barely deviates from collinearity in 2,5-dihydrofuranÁ Á ÁClF and oxiraneÁ Á ÁClF. The propensity for hydrogen bonds to be significantly nonlinear while the corresponding halogen bonds remain collinear has been noted in other pairs of BÁ Á ÁHCl and BÁ Á ÁClF complexes, namely those in which B = formaldehyde, 27,28 thiirane, 29, 30 vinyl fluoride 31, 32 and methylenecyclopropane. 33, 34 This difference can be understood by imagining a hypothetical mechanism in which the HCl molecule initially approaches B along the direction of an n-pair on O, followed by a secondary interaction between Cl and an electrophilic region of B, thereby leading to nonzero values of y. Evidently, the energy cost of bending ClF at Cl when a similar process is imagined in BÁ Á ÁClF complexes is greater than that gained by the secondary interaction; hence the much smaller y values. This difficulty in bending at Cl in BÁ Á ÁClF complexes is what Stone has identified as being due to large increases in exchange-repulsion as y is varied from its equilibrium value. 8 One way of testing the secondary interaction hypothesis for nonlinearity is to weaken the hydrogen bond. According to the criterion of the intermolecular stretching force constant, ethyne forms weaker hydrogen bonds than HCl. 17 Several complexes BÁ Á ÁHCCH (B = formaldehyde, 35 2,5-dihydrofuran, 36 oxirane, 37 thiirane 38 and vinyl fluoride 39 ) capable of exhibiting nonlinear ZÁ Á ÁHCCH hydrogen bonds were therefore investigated by means of their rotational spectra. The HCCH molecule in the complex cannot be located by the method involving a nuclear quadrupole coupling tensor, but its larger moment of inertia than HCl and rigid character mean that it can be placed within the complex BÁ Á ÁHCCH by the more conventional (but probably less accurate) method involving only zero-point principal moments of inertia. The experimental result is that the order of y is BÁ Á ÁClF o BÁ Á ÁHCl o BÁ Á ÁHCCH for the various Lewis bases B.
In recent years high accuracy ab initio calculations have become more practical for molecular complexes of the sizes described above due to the development of explicitly correlated (F12) methods. 40, 41 where B is formaldehyde, vinyl fluoride, oxirane, thiirane, 2,5-dihydrofuran and methylenecyclopropane. The aim is to test: (1) whether the use of the Cl nuclear quadrupole coupling tensor to determine equilibrium values of y does indeed lead to values in agreement with theory in the cases of the BÁ Á ÁHCl and BÁ Á ÁClF, (2) whether in the BÁ Á ÁHCCH complexes the experimental zero-point values of y are usefully close to the ab initio equilibrium values, and (3) whether the observed (zero-point) angular geometries (as defined by j) agree with the calculated equilibrium values in all three series of complexes. Symmetry adapted perturbation theory (SAPT) calculations are carried out in order to partition the interaction energy into chemically meaningful terms and thus establish the differences in the underlying mechanisms that determine the equilibrium geometries of hydrogen-and halogen-bonded complexes. package of ab initio programs. 47, 48 Geometry optimisations used numerical gradients and the aug-cc-pV(T+d)Z basis set for the elements Cl and S, 49 which contains an additional 'tight' d-type basis function. The aug-cc-pVTZ basis was used for all other elements, 50,51 but the combination shall be referred to as augcc-pV(T+d)Z herein. The density fitting of the Fock and exchange matrices was performed using the cc-pVTZ/JKFit auxiliary basis set (ABS), 52 with aug-cc-pVTZ/MP2Fit used for the remaining two electron electron-repulsion integrals. 53 Resolution-of-the-identity for the many electron integrals used the complementary ABS+ (CABS+) procedure as implemented in MOLPRO, 45, 54, 55 along with the aug-cc-pV(T+d)Z/OptRI ABS. 56 CABS singles relaxation of the Hartree-Fock energy was included throughout, and the geminal Slater exponent was set to 1.2 a 0
II. Computational details

À1
. In order to examine the basis set convergence and estimate the complete basis set (CBS) limit, single point CCSD(T)-F12b calculations were also carried out using the aug-cc-pV(D+d)Z, aug-ccpV(T+d)Z and aug-cc-pV(Q+d)Z basis sets with matching ABSs. The quadruple-zeta calculations were carried out on triple-zeta optimised geometries, with all others using the same basis for optimisation and single point energies. The geminal Slater exponent was set to 1.0, 1.2 and 1.4 a 0 À1 for the respective basis sets. The counterpoise (CP) correction of Boys and Bernardi was applied for all of the single point energy calculations. 57 The CBS interaction energy was estimated using a Schwenke type extrapolation of the correlation energy and the parameters of Hill et al. according to the expression: 58 ,59
where F = 1.416422 for the CCSD-F12b contribution and 1.663388 for (T). The reference energy was chosen as QZ HF with CABS singles relaxation. The degree of charge transfer on complex formation was determined by the natural bond orbital (NBO) method, comparing the charges on each nuclear centre in the interacting complex and as well-separated fragments. The NBOs were calculated from the Møller-Plesset second-order perturbation theory (MP2) density matrix with the aug-cc-pV(T+d)Z basis, using the NBO6 program interfaced to MOLPRO. 60 Symmetry adapted perturbation theory (SAPT) calculations were carried out to decompose the interaction energy into chemically meaningful terms. 61 This was performed at the SAPT2+(3)dMP2/ aug-cc-pV(T+d)Z level, where a CP-MP2 correction is applied. This level of SAPT has recently been shown to produce very accurate non-covalent interaction energies. 62 All of the SAPT calculations were performed with the Psi4 (beta 5) 63 program using density fitting and MP2 natural orbitals, 64, 65 and were assembled into a ''chemist's grouping'' of electrostatic, exchange-repulsion, induction and dispersion terms:
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Interested readers are directed to ref. 61 for further explanation of the individual SAPT components.
III. Results and analysis of results
The results of the equilibrium geometry optimisations are summarised in graphical form in Fig. 2 , with full Cartesian coordinates presented in the ESI. † All minimum energy structures located possess C s symmetry. The angle y, which indicates the deviation from collinearity of the hydrogen or halogen bond, is displayed as the theoretical value in black, with the experimental angle taken from the literature in red. It is immediately apparent that the agreement between theory and experiment is excellent for the BÁ Á ÁHCl and BÁ Á ÁClF complexes, with mean absolute deviations (MAD) of 1.61 and 0.61, respectively. The experimental results for these structures are produced with the aid of the Cl nuclear quadrupole tensor using eqn (1) and should be directly comparable to those from ab initio computation as equilibrium values. The small deviations in the angle may be due, in part, to the assumption of unperturbed monomer geometries upon complex formation in the experimental approach, whereas the ab initio geometry optimisations relaxed all degrees of freedom. This excellent level of agreement with highly accurate theoretical deviations from collinearity validates the experimental approach to producing equilibrium values and provides some context for the comparison of theory with zero-point BÁ Á ÁHCCH structures. With a MAD of 3.31, the agreement for the BÁ Á ÁHCCH complexes is slightly worse than the BÁ Á ÁHCl and BÁ Á ÁClF cases, but remains at a reasonably good level and is reassuring in terms of the experimental structure being usefully close to that from ab initio calculation. As the chosen high-level theoretical method is capable of producing accurate gas-phase equilibrium structures, a full comparison of the deviation from collinearity in all of the complexes considered could use the theoretical angles for the BÁ Á ÁHCCH complexes along with the experimental data for BÁ Á ÁHCl and BÁ Á ÁClF. This would ensure comparable accuracy of equilibrium structures in all cases. While the deviation from collinearity is an intriguing difference between hydrogen and halogen bonds that is well reproduced by CCSD(T)-F12b, the angular geometry j and the intermolecular bond lengths provide additional areas of comparison for theory and experiment. However, it must be noted that all experimental data in this regard are for zero-point structures where unperturbed monomer geometries are assumed, hence the level of agreement is expected to be less than in the case of y. Even taking this into consideration, the concurrence in j for both BÁ Á ÁHCl and BÁ Á ÁClF should be superior to BÁ Á ÁHCCH as obtaining the Cl nuclear quadrupole tensor fixes the orientation of the HCl or ClF subunit in the principal inertia axis system of the complex, while the process for placing HCCH is not so accurate. Table 1 displays the calculated and literature experimental values of j, with this angle defined visually for each complex in the ESI. † The trends for j mirror those for y, with an excellent theory/experiment agreement for BÁ Á ÁClF (MAD = 0.61), very good for BÁ Á ÁHCl (MAD = 2.61) and useful for BÁ Á ÁHCCH (MAD = 7.51). These trends are those to be expected from the amplitude of the zeropoint motion of the components in the complexes, which is likely to be BÁ Á ÁHCCH 4 BÁ Á ÁHCl 4 BÁ Á ÁClF. The directionality of halogen bonding was recently investigated in terms of a s-hole model that proposed minor modifications to the nomenclature relating to the size and magnitude of the s-hole. 67 Perhaps unsurprisingly, an increase in the size of the sigma-hole was found to decrease the directionality of a resulting halogen bond as the area in which an attractive electrostatic approach can be made was increased. The theoretical equilibrium and experimental zero-point intermolecular distances are shown in Table 2 , where it can be seen that, on average, the experimental distances are 0.079 Å longer than those from theory. This improves to 0.055 Å if only the halogen bonding complexes are considered. In all cases the ab initio distances are shorter than those from experiment, with the equilibrium/zero-point comparison likely to be the main cause of the difference. A previous CCSD(T)-F12 theoretical study has shown that upon formation of H 3 NÁ Á ÁClF the ClF bond distance increases by 0.057 Å (see Table 3 of ref. 43) indicating that such rearrangements will also contribute to the difference between experimental and theoretical intermolecular distances in BÁ Á ÁClF complexes. Comparing hydrogen and halogen bond lengths, BÁ Á ÁHCl is always shorter than BÁ Á ÁClF for any given B. The increase in hydrogen bond distance for BÁ Á ÁHCCH compared to BÁ Á ÁHCl may be expected as ethyne forms weaker hydrogen bonds than HCl. 17 Benchmark quality interaction energies for the optimised geometries were produced using an extrapolation scheme to estimate the complete basis set (CBS) limit and using the CP correction to account for the basis set superposition errors (BSSE) that occur for intermolecular complexes in finite basis sets. These interaction energies are displayed in Table 3 . It is important to note that at the true CBS limit the CCSD(T) and CCSD(T)-F12b energies would be identical. The attractions in BÁ Á ÁHCCH are considerably weaker than for the BÁ Á ÁHCl (or BÁ Á ÁClF) cases, demonstrating that any additional CHÁ Á Áp interaction does not fully compensate for the large reduction in hydrogen bond strength from making HCCH the donor, or for any other secondary interactions between B and Cl. With two notable exceptions (see below), the interaction energies of BÁ Á ÁHCl and BÁ Á ÁClF are roughly equivalent for any given Lewis base, thus it is apparent that the deviation from collinearity is not simply related to the overall strength of the interaction. The individual interaction energies from the various basis sets used in the CBS extrapolations are tabulated in the ESI, † along with the magnitude of the BSSE for each complex. The average BSSE with the aug-cc-pV(T+d)Z basis sets used in the geometry optimisations is 0.26 kcal mol À1 , which is small enough that attempting CP corrected geometry optimisations would have a very small effect on the structures, incommensurate with the large increase in computational cost this would require. The methylenecyclopropaneÁ Á ÁClF complex has an interaction energy that is 2.37 kcal mol À1 larger in magnitude than the analogous HCl complex. In the set of Lewis bases chosen, methylenecyclopropane is notable as the only one that leads to a hydrogen or halogen bond forming with a p system, in this case a C-C double bond, which may account for the discrepancy in the relative interaction energies. The more surprising difference in the interaction energies occurs when thiirane acts as a Lewis base. Table 3 shows that the halogen bond is slightly more than twice as strong as the hydrogen bond, yet for oxirane the two interactions are roughly comparable in energy. This unusually strong interaction was the subject of a recent communication, where it was suggested that the underlying mechanism features significantly greater charge transfer and that thiiraneÁ Á ÁClF should be described as a so-called Mulliken inner complex, 69 a conclusion also arrived at from a consideration of the experimental Cl nuclear quadrupole coupling tensor of thiiraneÁ Á ÁClF.
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In order to produce some insight into the differences in the interactions that determine the structure of the complexes and, in particular, the directionality of the hydrogen and halogen bonds, SAPT calculations have been carried out to partition the interaction energies into a ''chemist's grouping''. How the resulting electrostatic, exchange, dispersion and induction contributions change as a function of y is displayed for all 18 complexes in Fig. 3 , where j, the hydrogen or halogen bond distance and the monomer geometries are all fixed at their equilibrium values. The individual SAPT terms for the CCSD(T)-F12b optimised geometries are tabulated in the ESI, † where it can be seen that there is excellent agreement between the total SAPT interaction energy and the benchmark values in Table 3 , lending a great deal of confidence to the accuracy of the individual SAPT terms. The charge transfer on complex formation in terms of fractional electrons was calculated using the natural bond orbital (NBO) method in order to supplement the SAPT analysis. Full details of these calculations and a data table are provided in the ESI, † where it can be seen that charge transfer is relatively small for all complexes, with the exception of thiiraneÁ Á ÁClF (see above). Fig. 3 shows that the total interaction energy with respect to y is relatively flat for the hydrogen bonding complexes, but there is significantly more pronounced curvature for halogen bonding. While this does indicate stronger directionality in halogen bonding, appreciable interaction energies are still observed when the nonlinearity is varied. For example, in oxiraneÁ Á ÁClF when y = 251 the interaction energy is still À3.48 kcal mol À1 , which is comparable to the interaction in the BÁ Á ÁHCCH complexes. As previously noted by Stone, 8 the minimum in the interaction energy for the halogen bonding complexes is strongly connected to the minimum in the exchange-repulsion contribution, although the two minima do not exactly coincide. It is obvious that this is not the case for hydrogen bonding, where the minimum in the exchange occurs at an angle far removed from that for the overall interaction energy. For all of the complexes considered (with the exception of methylenecyclopropaneÁ Á ÁHCCH) Fig. 3 illustrates that the strongest attractive component is due to electrostatics, but the other components all contribute in a non-negligible fashion. For halogen bonding the dispersion term is effectively flat with respect to angle, but it is interesting that at the equilibrium geometry it acts as a good approximation of the overall interaction energy, i.e., all of the other contributions effectively cancel out. This suggests that one should be very careful to include an accurate description of dispersion when more approximate computational chemistry is used to investigate halogen bonding, especially MP2 and basic DFT methods. This reinforces the study of Kozuch and Martin, who found that an accurate description of halogen bonding with DFT requires functionals that account for dispersion and have a long-range correction, such as oB97XD. 70 A previous SAPT investigation of halogen bonding in formaldehydeÁ Á Áhalomethane complexes also concluded that dispersion was a very important component of the interaction energy, in some cases representing a significantly larger contribution than electrostatics. 71 The SAPT dispersion term in the case of methylenecyclopropaneÁ Á ÁClF is 1.43 kcal mol À1 more attractive than the total interaction energy, slightly disrupting the trend outlined above. As the Lewis base in this case is a p-system, the increased dispersion contribution appears logical and accounts for some of the additional stability when methylenecyclopropaneÁ Á ÁClF is compared with methylenecyclopropaneÁ Á ÁHCl.
A number of studies have demonstrated a direct correlation between strength of halogen bonding and charge transfer, 20, 43, 72 hence it is not so surprising that the induction term (where charge transfer would contribute in SAPT) is shown to be a relatively large contribution here. A recent study combining modern valence bond and block-localised wavefunction theories also concluded that charge transfer was one of the driving forces for halogen bonding. 73 As briefly mentioned above, for thiiraneÁ Á ÁClF the larger degree of charge transfer, and thus induction, compared to other halogen bonding complexes has been the subject of a recent communication. Therefore, a full analysis of the differences between the thiirane and oxirane halogen bonding complexes can be found in ref. 69 and the details are not repeated here. There is a degree of controversy over the role of charge transfer in intermolecular interactions, with some groups claiming that charge transfer and polarisation are both charge redistribution on complex formation (see, for example, ref. 74) and are indistinguishable. Many theoretical descriptions of charge-transfer are also very closely related to the definition of BSSE, 75 further muddying the issue. However, the view taken by Shaik and co-workers is that experiment can distinguish between the sub-units of a complex and hence polarisation within an individual sub-unit should be distinguished from charge transfer between them. 73 In SAPT polarisation and charge transfer are both grouped within the induction energy, and although it is possible to separate charge transfer from the total induction energy this is basis set dependent procedure and has not been carried out in the present investigation. 76, 77 When considering the hydrogen bonded complexes in Fig. 3 there is greater curvature to the dispersion term than for halogen bonding, and it becomes more attractive as the deviation from View Article Online linearity is increased from the equilibrium position, i.e., as y becomes larger. In addition to the weaker hydrogen bond interaction, the BÁ Á ÁHCCH complexes have different secondary interactions compared to BÁ Á ÁHCl, which are considered to be important in terms of deviation from collinearity in hydrogen bonds. As detailed in the Introduction, for BÁ Á ÁHCl this secondary interaction can be pictured as being between Cl and an electrophilic region of B. Considering the SAPT components as y is increased from zero, i.e., as any secondary interactions are increased, it can be seen that a subtle interplay between the different terms results; the exchange-repulsion increases, but so do the attractive electrostatic and dispersion terms. Induction remains roughly constant, perhaps suggesting that this contribution is related to the primary H-bond interaction. The induction term is significantly smaller for all of the BÁ Á ÁHCCH complexes, correlating well with the reduced NBO charge transfer. A theoretical study based on NBO analysis and the Quantum Theory of Atoms in Molecules by Grabowski also examined the underlying mechanisms of hydrogen and halogen bonding, with the conclusion that the mechanisms were the same; driven/steered by electrostatic interaction and followed by an ''electron charge shift''. 20 While at first glance this appears to contradict the current findings, there is a significant area of overlap between the two. Firstly it is important to note that the complexes considered by Grabowski do not feature any strong secondary interactions that promote the deviation from collinearity in hydrogen bonding and were probed in terms of intermolecular distance rather than angle, meaning a comparison is not entirely straightforward. Although the present work and that of Stone 8 clearly demonstrates that it is exchange-repulsion that is responsible for the enhanced collinearity of halogen bonding, electrostatics are generally the most attractive component and are likely to be responsible for the initial attraction between the donor and acceptor. Finally, it is obvious from both investigations that shifts of the electron charge are important contributions to the overall interaction, regardless of whether this is expressed in Grabowski's terms of hyperconjugation and rehybridisation, or the 'induction' favoured in the current work.
IV. Conclusions
Rotational spectroscopy has been used for several decades to investigate small molecular clusters bound by hydrogen or halogen bonds. The capability of the method to consider isolated complexes in the gas phase makes for a natural comparison with highly accurate ab initio data. However, producing such theoretical data in a computationally practical manner is a relatively recent development, made feasible by advances in explicitly correlated (F12) wavefunctions. The current work presents the results of F12 geometry optimisations on a systematic series of complexes and compares the resulting equilibrium structures to those elucidated through rotational spectroscopy. The primary aim of this comparison is to establish whether the quadrupole coupling tensor and rigid monomer approach used experimentally provides good approximations to the angles defining the directionality and linearity of the hydrogen and halogen bonds. On the whole there is excellent agreement and it is especially striking for the intermolecular interaction nonlinearity (y) of all the BÁ Á ÁHCl and BÁ Á ÁClF complexes, confirming that using the Cl nuclear quadrupole coupling tensor (as described in the Introduction) does indeed produce a good approximation of the equilibrium value of y. As expected, the agreement between the zero-point experimental and equilibrium theoretical structures for BÁ Á ÁHCCH is at a lower level, but still usefully close. Based on the excellent agreement for the systems where it was possible to use the nuclear quadrupole tensor method, it is suggested that the theoretical structure for BÁ Á ÁHCCH would make for a more accurate comparison with the experimental data for BÁ Á ÁHCl and BÁ Á ÁClF.
Geometrical parameters other than y also show a reasonable level of agreement, and it is especially good for the angular geometry (j) of the BÁ Á ÁClF series. As the experimental method leads to zero-point (rather than equilibrium) geometries and assumes no distortion of the sub-unit geometries on complex formation, it is perhaps unsurprising that the experimental intermolecular distances are, on average, around 0.08 Å longer than those from theory. However, the trends are all preserved, with the general order of the distance being BÁ Á ÁHCl o BÁ Á ÁHCCH o BÁ Á ÁClF for the various Lewis bases. Benchmark quality interaction energies have been calculated for all of the complexes and, in general, the interaction in BÁ Á ÁHCl is roughly the same strength as BÁ Á ÁClF for a given B. The major exception to this is when B is thiirane, as the halogen bond is approximately twice as strong as the comparable hydrogen bond. It has been proposed that the underlying mechanism of halogen bonding is different in this case, with significantly greater charge transfer. 69 The high accuracy theoretical structures and interaction energies detailed in this article could be used as a benchmark set/database for more approximate methods such as DFT or molecular mechanics, perhaps aiding in future developments, but this is beyond the scope of the present study. A SAPT analysis of the variation in the electrostatic, exchange-repulsion, induction and dispersion components of the interaction energy with respect to deviation from collinearity was carried out to provide some insights into the underlying mechanisms of interaction for the different complexes. The first conclusion is that the SAPT terms show a striking difference between hydrogen and halogen bonding and it is obvious that the exchange-repulsion is responsible for the smaller deviation from linearity in the latter, adding further weight to previous work by Stone. 8 Electrostatics generally represent the most important attractive term, but as dispersion is a good approximation to the total interaction energy its importance in halogen bonding cannot be discounted. Comparing the two hydrogen bond donors indicates that BÁ Á ÁHCCH has significantly less induction (which contains any charge transfer contribution along with polarisation) than BÁ Á ÁHCl, contributing to the weaker interaction. Although secondary interactions between the H-bond donor and the Lewis base are thought to be important in determining the nonlinearity, SAPT reveals this to be a subtle interplay of different components.
It was also observed that even when y is significantly displaced from the minimum energy structure, halogen bonding can still result in appreciable interaction energies.
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